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Sufficient access to safe and nutritious food is governed by a variety of complex and
interconnected factors. With the global population expected to surpass eight billion, sev-
eral significant challenges threaten food security, including disease outbreaks [1,2] and
geopolitical conflicts that destabilize agricultural systems and supply chains [3]. Addition-
ally, antimicrobial and agrochemical resistance undermines soil biodiversity and critical
ecosystem services [4]. Concurrently, extreme weather events—such as prolonged droughts
and intense floods—are increasingly eroding crop productivity [5]. Climate change also
alters soil microbial communities and nutrient availability [6]. Furthermore, socioeconomic
pressures, including rising living costs, exacerbate disparities in access to nutrient-rich
diets [7,8]. Collectively, these factors create a complex, interconnected crisis for global
food security.

In response, sustainable agricultural practices have emerged as an urgent priority,
with microbiome-based innovations offering promising strategies to enhance plant health,
mitigate disease, and optimize agricultural resilience [9]. Central to these efforts is the
One Health framework [10], which emphasizes the inextricable linkages among human,
animal, and environmental health. Within this paradigm, agricultural microbiomes play
a pivotal role in co-regulating ecological balance, evolutionary adaptation, and systemic
stability. Often overlooked, the complex interactions among soil microbial communities
significantly contribute to improved soil health, crop productivity, and ecosystem sustain-
ability (Figure 1). Understanding the intricate mechanisms that underpin plant growth
and resilience in the face of these challenges requires a closer look at the soil environment.
Plant development is strongly influenced by soil fertility and various microbial interactions
that facilitate the solubilization and mobilization of essential nutrients such as phosphorus
and nitrogen [11]. The soil microbiome is increasingly recognized as a crucial foundation
for ecosystem resilience and functioning, mediating biogeochemical cycles. For exam-
ple, microbes enhance soil fertility through their role in biogeochemical cycles [12] and
contribute to elevated carbon storage in soils with higher plant diversity [13]. Microbial
activity, including that of rhizosphere fungi, also impacts soil hydrophobicity and hydraulic
function, highlighting the far-reaching consequences of these communities [14,15]. Thus,
thriving soil microbial communities are a vital component of the success of regenerative
agriculture practices.

However, the delicate balance of these beneficial microbial communities is increasingly
threatened by modern intensive agricultural practices—such as monoculture and the ex-
cessive use of pesticides—often leading to reduced soil health and increased susceptibility
to soil-borne plant diseases, which pose a major threat to global agriculture by causing
significant yield losses and economic burdens. Traditional chemical-based control methods
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are increasingly unsustainable, ineffective, and environmentally harmful [10]. In contrast,
microbiome-based solutions offer a sustainable approach to enhancing plant health and
reducing disease. Rhizosphere microbial communities achieve this by playing a crucial role
in nutrient cycling and soil fertility, with beneficial microbes like nitrogen-fixing rhizobia
and arbuscular mycorrhizal fungi (AMF) enhancing nutrient uptake and producing bioac-
tive compounds that stimulate root growth and stress tolerance [11,16]. Furthermore, they
act as a natural defense system, suppressing pathogens through antimicrobial production,
resource competition, and immune activation [12]. Recent studies, including those on
Brachiaria brizantha, have demonstrated the potential of specific plant-microbe systems to
improve soil carbon and nitrogen content while stabilizing microbial networks. The micro-
biome associated with B. brizantha, particularly enriched in taxa such as Nitrosomonadaceae,
Sphingomonas, and Gemmatimonas, was shown to enhance nitrogen cycling and increase mi-
crobial biomass [13]. These findings underscore the need to integrate microbiome-centered
approaches into broader frameworks for sustainable agricultural development. However,
it is crucial to view microbes as a single tool within a broader toolbox, where integrating
diverse approaches and technologies is essential to solving the complex challenges of

modern agriculture.
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Figure 1. Microbial communities play critical roles in agricultural ecosystems, with microbes in-
habiting various plant-associated niches, engaging in interactions such as mutualism, antagonism,
commensalism, and even predation. These microbes (bacteria, viruses, archaea, fungi, and protists)
support plant growth and health through improved nutrient acquisition, often driven by complex
metabolic pathways, and protection against pathogens. The structure and diversity of these microbial
communities, along with associated gene expression patterns, significantly influence plant function,
ultimately boosting crop productivity. This richness and complexity are vital for ensuring healthy and
productive crops, aligning with the One Health concept, which emphasizes the interconnectedness of

human, animal, and environmental health.

The critical role of the microbiome across diverse ecosystems, including agriculture,
has driven significant advancements in omics technologies, providing unprecedented
capabilities for in-depth data analysis. A diverse array of omics approaches, including
culturomics, amplicon sequencing, metagenomics, metatranscriptomics, metaproteomics,
viromics, and metabolomics, has emerged for studying microbiome [17,18]. The vast
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datasets generated by these methods necessitate sophisticated bioinformatics tools for effec-
tive analysis and interpretation [19,20]. For amplicon sequencing, commonly utilized tools
include QIIME2? [21] and USEARCH [22,23], enabling insights into microbial diversity and
taxonomy. Metagenomic data analysis frequently employs tools such as Trimmomatic [24]
and fastp [25] for quality control, Kraken2 [26] for accurate taxonomic classification, and
the HUMANNS pipeline [27] for comprehensive functional profiling.

Beyond these core tools, a rich ecosystem of bioinformatics resources has emerged
to facilitate comprehensive microbiome analysis. Locally installed pipelines like Cultur-
ome [28], EasyAmplicon [29,30], EasyMetagenome [31], and MicrobiomeStatPlots [32] offer
tailored solutions for culturome, amplicon, and metagenomic data, including visualization
capabilities. Specialized workflows such as MetaProteomeAnalyzer [33] and Notame [34]
cater to the unique challenges of metaproteomics and metabolomics data, respectively.
Comprehensive online platforms like MicrobiomeAnalyst [35] provide integrated analy-
sis for amplicon, metagenomic, and metabolomic datasets, while viromics benefits from
dedicated tools like MGV [36], ViWrap [37], and Hecatomb [38]. Furthermore, specialized
online platforms and databases (e.g., iNAP [39], GeNets [40], IPGA [41], EVenn [42], and
FoodMicroDB [43]) offer focused resources for specific aspects of microbiome research. The
development and application of R language packages [44], along with evolving methods
for robust biomarker identification [45], further underscore the dynamism of this field.
These collective advances highlight that multi-omics analysis has become a cornerstone in
addressing complex biological questions.

The power of these advancements, particularly in metagenomics, has profoundly trans-
formed our ability to explore and harness the intricate microbial diversity within agricultural
ecosystems. By enabling the detailed investigation of plant-associated microbiota and their
complex interactions, metagenomics provides invaluable insights into microbial functions that
hold immense potential for precision agriculture. Recognizing this central role of the micro-
biome in driving agroecological innovation, we launched the first edition of the Special Issue
titled “Metagenomic Analysis for Unveiling Agricultural Microbiome” in Agronomy. This
initial endeavor garnered significant attention from the scientific community, leading to the
publication of 17 high-quality papers https:/ /www.mdpi.com/journal/agronomy/special__
issues/S70BHDSESH (accessed on 31 December 2023) and accumulating over 40,000 views.
Building upon this success and the continued rapid evolution of the field, we initiated the
second edition https://www.mdpi.com/journal/agronomy/special_issues/YOQL5]J6YF
(accessed on 30 April 2025). This second edition presents seven original research articles that
collectively illustrate the expanding role of metagenomics in agricultural microbiome research,
spanning three interrelated thematic areas—plant health and productivity, microbial ecology in
agroecosystems, and microbiome contributions to crop quality and environmental adaptation.

Several contributions focus on the impact of plant-associated microbial communities
on crop performance, nutrient acquisition, and disease suppression. Building on the
importance of optimizing crop production and resilience, Yao et al. [13] examined two
soybean cultivars with contrasting tolerance to continuous cropping and found that the
susceptible cultivar accumulated specific rhizosphere metabolites that promoted pathogenic
fungi, disrupting microbial balance and weakening resistance. Hao et al. [46] explored the
diversity and functions of endophytic bacteria in pea seedlings, identifying multiple strains
capable of producing growth-promoting compounds such as IAA and ACC deaminase,
reinforcing the potential of these microbes as biofertilizers. Dong et al. [47] investigated the
effects of sulfur fertilization on maize yield and soil microbial composition, revealing that
rare microbial taxa played a disproportionately important role in mediating crop responses,
with different sulfur sources influencing microbial diversity and interaction networks.
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Other studies addressed microbial responses to environmental conditions and agri-
cultural management. Zheng et al. [48] analyzed methane emissions from double-season
rice paddies under five fertilization regimes and linked emission variability to shifts in
methanogenic and methanotrophic microbial populations, along with functional genes
such as mcrA and pmoA. Their results suggest that microbiome-based interventions can
help mitigate greenhouse gas emissions in rice systems. Zhang et al. [19] conducted a
comprehensive survey of fungal communities in rice grains from three major producing
regions in China, revealing clear geographic differences in toxigenic fungi distribution
driven by environmental and edaphic factors. Their work provides critical insights into
microbial risk profiling and food safety management.

Finally, this Issue includes studies that highlight the role of microbiomes in influencing
crop adaptation and product quality. Ren et al. [49] integrated volatomics and microbiome
analysis to show that vineyard location significantly affected both grape aroma profiles
and associated microbial communities, with key bacterial taxa correlating with specific
aromatic compounds. Their findings emphasize the influence of microbiomes on crop
sensory traits and the expression of terroir. Cheng et al. [50] investigated how plant
hormone signaling pathways—specifically strigolactone and karrikin signaling—affected
root microbiome assembly in Nicotiana attenuata. They demonstrated that genetic disruption
of these pathways altered microbial recruitment in different root zones, providing new
evidence of hormonal control over microbiome structure under desert conditions.

Collectively, these studies reflect the diverse and innovative directions in agricultural
microbiome research. They demonstrate how metagenomics and multi-omics technologies
are being applied to address pressing challenges in crop productivity, environmental re-
silience, climate adaptation, and food security. By offering both mechanistic insights and
practical applications, this Special Issue contributes to advancing microbial solutions for
sustainable agriculture. A central challenge remains in translating these valuable insights
into practical, sustainable applications. Effective collaboration among research, biotech-
nology, and agriculture is essential to develop innovative solutions. Future studies should
prioritize long-term assessments of microbiome-based interventions and the advancement
of analytical tools to fully harness the power of metagenomics.

We would like to express our sincere gratitude to all the authors, reviewers, and
editorial staff who made this Special Issue possible. We hope these contributions will inspire
further research and interdisciplinary collaborations. Looking ahead, we anticipate that
future editions will continue to advance the boundaries of agricultural microbiome research,
fostering new strategies for resilient, productive, and ecologically sound farming systems.
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